Purpose: Microwave ablation (MWA) is feasible for severe renal secondary hyperparathyroidism (SHPT) and primary hyperparathyroidism (PHPT) patients ineligible for parathyroidectomy (PTX).
Introduction
Secondary hyperparathyroidism (SHPT) is an important aspect of chronic kidney disease-mineral and bone disorder (CKD-MBD), with hyperplastic parathyroid glands and high levels of serum intact parathyroid hormone (iPTH) [1] . The clinical manifestations include ostealgia, bone deformity, pathologic fractures, ectopic calcifications in soft tissues, arrhythmia, heart failure, cognitive impairments, and other abnormalities [2, 3] . Current treatments for SHPT include dietary phosphorus restriction, modification of dialysis prescriptions, phosphate binders, calcitriol or vitamin D analogs, and calcimimetics [4] . The National Kidney Foundation's Kidney Disease Outcomes Quality Initiative (KDOQI) recommends that parathyroidectomy (PTX) should be taken into account when pharmacologic therapy has failed either because of drug resistance or side effects [5] . However, SHPT patients with serious cardiac and/or pulmonary comorbidities are at increased risk of complications of general anesthesia. To alleviate clinical symptoms, thermal ablation can be introduced as an alternative treatment [6] [7] [8] .
Primary hyperparathyroidism (PHPT) is the most common cause of hypercalcemia. The autonomous hypersecretion of PTH may be caused by parathyroid adenoma, hyperplasia, or carcinoma [9] . Solitary parathyroid adenomas account for approximately 80% of cases of PHPT [10] . It predominantly affects elderly populations and women 2-3 times as often as men [11] . Clinical manifestations include recurrent urinary stones, skeletal, gastrointestinal, or cardiovascular disorders [12] . PTX is suggested in all cases of symptomatic PHPT.
In recent years, percutaneous ablation techniques have been developed for use in patients with renal SHPT and PHPT [13] . However, the pathogenesis of PHPT and SHPT are different and there has been no research comparing thermal ablation treatment in these two groups. Here we compared the clinical manifestations, characteristics of parathyroids, and evaluated the safety and efficacy of MWA of these two groups of patients. The aim of this study was to propose the key operating points of MWA and improve the treatment outcomes of these two groups of patients.
Materials and methods

Patients
This was a retrospective study of patients with SHPT (n ¼ 16) and PHPT (n ¼ 17) who underwent MWA treatment. The SHPT patients were hospitalized from November 2014 to November 2016, and the PHPT patients were hospitalized from January 2015 to November 2016. The endpoint of follow-up was 30 June 2018. All the patients in the study were informed of the potential dangers of the ablative technique, and signed the informed consent before they underwent MWA treatments. The study protocols were approved by the Research Ethics Committee of the First Affiliated Hospital of Nanjing Medical University, People's Republic of China (The approved number 2015-SR-143). All of the procedures performed in studies were in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Inclusion and exclusion criteria for SHPT and PHPT patients
Inclusion and exclusion criteria for SHPT and PHPT patients are listed in Figure 1 .
Inclusion criteria: (1) SHPT patients refractory to medical treatments, such as restricting the intake of phosphate, using phosphate binders, active vitamin D, calcium-sensing receptor agonists, etc; (2) patients ineligible for PTX because of intolerance to general anesthesia (severe cardiac/pulmonary dysfunctions) or refused surgery; (3) coagulation function and platelet count within normal range; no severe bleeding and infectious diseases; (4) at least one enlarged gland accessible for MWA treatment (i.e., no important structures such as a large blood vessel in the puncture path).
Exclusion criteria: (1) patients with uncontrolled blood pressure prior to MWA; (2) patients with previous recurrent laryngeal nerve injuries or abnormal vocal cord mobility on the contralateral side of the targeted gland confirmed by laryngoscopy; (3) known history of parathyroid cancer or other neoplasia in the neck region; history of neck irradiation; head and/or neck disease-preventing hyperextension of the neck.
Examinations and preparations prior to MWA
Laboratory examinations
Routine blood tests were performed using an LH-750 Hematology Analyzer (Beckman Coulter, Inc., Fullerton, CA, USA). Routine coagulation parameters were measured with a coagulation analyzer (CS5100; Sysmex Corporation, Belgium). Biochemical indices were measured with an automatic biochemical analyzer (AU5400; Olympus Corporation, Japan). Serum iPTH levels were measured using a UniCel DxI800 Access Immunoassay System (Beckman Coulter, Inc., Fullerton, CA, USA).
Cardiac and pulmonary function assessments
These assessments included a routine electrocardiogram (ECG), chest X-ray, two-dimensional echocardiography, and pulmonary function testing.
Imaging examinations of parathyroid glands
These examinations included 99m Tc-MIBI-SPECT/CT (Figures 2,3 ) and high-resolution ultrasonography (USG), which can help detect ectopic parathyroid glands. The size of the nodule, the internal texture (solid or cystic), the shape, the echogenicity, the margin, the presence of calcification, and adjacent structures should be carefully scrutinized by USG [14] .
Key points of MWA techniques
MWA was performed by an experienced interventional doctor using a KY2000 ablation system (Nanjing Kangyou Applied Research Institute, Nanjing, China). History ESRD with maintenance dialysis more than 6 months [14] ; refractory to medical treatments
Symptoms
Bone pain, fracture, arthralgia, pruritus, ectopic calcification (soft and/or cardiovascular tissues) [15] 
Laboratory examinations
Serum iPTH > 800 pg/mL [15] Hypercalcemia and/or Hyperphosphatemia [15] 
Imaging modalities
At least one enlarged parathyroid gland disclosed by ultrasound and/or MIBI [16] History A personal and family history [17] Symptoms Asymptomatic Symptomatic (nephrolithiasis, osteoporosis, fractures, gastrointestinal disorders, etc) [17] 
Laboratory examinations
Elevation of total serum or ionized calcium levels Elevated or inappropriately normal PTH levels Normal renal function [17] 
Imaging modalities
Enlarged parathyroid glands confirmed by ultrasound and/or MIBI [18] Medical therapies
SHPT PHPT
Follow-up PTX Effective Severe cardiac insufficiency
Severe pulmonary dysfunction
Intolerance to general anesthesia [7] Patients refusing surgery [7] MWA considered
Normal coagulation function Platelet count within normal range No severe bleeding tendency [7] No infectious diseases [7] At least one enlarged gland accessible for MWA treatment (ie, no important structures such as a large blood vessel in the puncture path) [6] Uncontrolled blood pressure [6] Previous recurrent laryngeal nerve injury or abnormal vocal cord mobility on the contralateral side of the targeted gland by laryngoscopy [16] [18] History of cancer, neoplasia and irradiation in the neck region [18] Head and/or neck disease preventing hyperextension of the neck [18] Qualified Unqualified During the procedure, each patient was accompanied by an anesthesiologist who could provide emergency treatment in the event of dyspnea, arrhythmia, or cardiopulmonary arrest. Key points of MWA techniques include the following: (1) Before MWA, intravenous access was obtained. Under ECG monitoring, the patient was placed in the supine position with the neck region fully exposed and sterilized. Local anesthesia was carried out with 2% lidocaine injected at the puncture site under USG guidance. Before MWA, abundant blood flow in the gland was shown by color Doppler imaging (Online Resource1). (2) A liquid insulation layer was used as a hydrodissection technique. Specifically, a mixture of lidocaine and normal saline was injected into the area around the parathyroids to create a heat insulation layer ( Figure 4 (A), Online Resource 2) to protect the adjacent recurrent laryngeal nerves and vessels from the thermal injury [15] . The ablation was continued if the patient did not have hoarseness or dyspnea. Otherwise, it was terminated immediately.
Statistical analysis
Statistical analysis was performed using SPSS version 22. Continuous variables were presented as mean ± SD or median (interquartile range), and categorical variables were presented as frequencies.
The baseline characteristics of SHPT and PHPT patients were compared using the t-test (for normal distribution data) or Mann-Whitney U test (for skewed data) for continuous variables. Categorical variables were presented as frequencies and analyzed using chi-squared or Fisher exact test. A two-sided p-value <.05 was considered statistically significant unless stated otherwise.
Results
Comparisons of baseline demographic and clinical characteristics of PHPT and SHPT patients who received MWA
Baseline demographic and clinical characteristics of PHPT and SHPT patients who received MWA were listed in Table 1 . Compared with PHPT patients, the SHPT group had lower levels of body mass index (BMI) and higher proportions of cardiovascular and pulmonary diseases including coronary heart disease and pulmonary hypertension. BMI is an integral part of anthropometric assessments and is a widely used indicator to assess nutritional status [16] . The clinical symptoms of SHPT patients, such as ostealgia, arthralgia, and pruritus, were more obvious ( Table 1) . SHPT patients had higher levels of serum iPTH (p < .001), phosphorus (p < .001), and alkaline phosphatase (ALP) (p ¼ .001) values compared with PHPT patients. However, there were no significant differences in serum calcium levels (p ¼ .086). Furthermore, SHPT patients had much more serious anemia, malnutrition, lipid, and bone metabolism disorders (Table 2) . Data from positive parathyroid glands detected by USG and MIBI in PHPT and SHPT patients before MWA were shown in Table 3 .
Comparisons of technical parameters for ablation between SHPT and PHPT patients
The median number of parathyroid glands ablated for each patient in the SHPT and PHPT groups was 3 and 1, respectively (p < .001). Compared with SHPT patients, PHPT patients had larger volumes and maximum diameters of single glands and longer ablation times for each gland. However, there were no statistically significant differences. SHPT patients usually underwent MWA treatments at two separate times in order to avoid bilateral recurrent laryngeal nerve injuries, whereas PHPT patients were treated only once ( Table 4 ).
Safety of MWA
Three SHPT patients had symptoms of recurrent laryngeal nerve injury, manifesting as voice hoarseness without dyspnea. Two of them recovered within 1 week after ablation, and another remained hoarse at the end of follow-up (six months after ablation). Transient hoarseness during MWA was encountered in three PHPT patients, all of whom recovered within 1 day after administration of mecobalamine, dexamethasone and nebulized inhalation therapies. Hypocalcemia occurred in 14 SHPT patients within 4 days and 2 PHPT patients within 1 day after ablation; this was corrected with oral/intravenous supplementation of calcium. None of the patients experienced hemorrhage/hematoma, infection, or skin scalding at the puncture sites ( Table 4 ).
Efficacy of MWA
Changes of serum iPTH and calcium levels in patients with SHPT and PHPT before and after MWA In SHPT patients who received MWA, serum iPTH levels on baseline, 20 min-24 h after MWA were 2400.26 ± 844.26 pg/mL, 403.60 ± 295.32 pg/mL and 267.31 ± 199.06 pg/mL, respectively (p < .001 vs. baseline). Serum iPTH levels on discharge days and by the end of follow-up were 423.43 ± 438.30 pg/mL and 429.39 ± 407.93 pg/mL, respectively (p < .001vs. baseline). Compared with baseline values (2.56 ± 0.19 mmol/L), serum calcium in this group declined to 2.11 ± 0.31 mmol/L at 20 min and 2.08 ± 0.19 mmol/L at 24 h after MWA, respectively (p < .0001 vs. baseline). Serum levels of calcium decreased to 2.10 ± 0.22 mmol/ L on discharge days (p < .0001vs. baseline) but did not differ significantly from baseline at the end of follow-up (2.28 ± 0.52 mmol/L, p ¼ .075 vs. baseline). Before MWA, the serum iPTH in PHPT patients was 297.73 ± 295.32 pg/mL, and this decreased to 40.46 ± 26.29 pg/mL at 20 min after MWA (p ¼ .002 vs. baseline) and 41.17 ± 32.93 pg/mL by the time of discharge (p ¼ .003 vs. baseline) and 72.22 ± 36.51 pg/mL at the end of follow-up (p ¼ .006 vs. baseline). The serum calcium level of the PHPT group was 2.72 ± 0.30 mmol/L before MWA, 2.43 ± 0.34 mmol/L at 20 min after MWA (p ¼ .015 vs. baseline) and 2.46 ± 0.16 mmol/L on their discharge days (p ¼ .004 vs. baseline) and 2.39 ± 0.11 mmol/L at the end of followup (p ¼ .001 vs. baseline).
The target serum iPTH levels are in the range of 2-9 times the upper normal limit for CKD-5D patients [17] . After MWA treatment, nine SHPT patients had achieved the target range; four failed to reach the target; the other three died by the end of follow-up. One died of cardiopulmonary arrest during an amputation surgery due to infection with digital gangrene caused by calciphylaxis 9 months after ablation. Previous ablation therapy had not alleviated his finger pain. The causes of death of the other two patients were unknown. Therefore, the ratio of SHPT patients meeting the target was 69.23% (9/13). It was noteworthy that patients in target range still took medications to control serum iPTH or calcium levels after MWA. A male patient with serum iPTH of 56 pg/mL had stopped taking drugs by the end of follow-up.
Clinical symptoms and signs in SHPT patients before and after MWA Most patients with PHPT were asymptomatic, and their elevated serum calcium and iPTH levels were revealed by routine health screening. However, renal SHPT patients manifested with bone pain, arthralgia, pruritus, ectopic calcifications in soft tissues, and rare calciphylaxis (Table 1) . By the end of follow-up, the above symptoms had been alleviated to varying degrees ( Table 5 ).
Discussion
As an important aspect of CKD-MBD, SHPT affects the long-term survival and quality of life of patients. In recent years, parathyroid thermal ablations have been introduced as alternative treatments for PTX in severely affected SHPT patients with the risks of general anesthesia or older age [6, 8] . PHPT is a common disorder that arises from autonomous overproduction of PTH by abnormal parathyroid glands [18] . Currently, most PHPT patients are asymptomatic at the time when they receive a diagnosis from routine laboratory testing results [19] . Different thermal ablation modalities have been employed in PHPT patients with promising results [20] [21] [22] .
According to the Cardiovascular and Interventional Radiological Society of Europe (CIRSE) guidelines, ablative modalities are divided into chemical ablation and energy-based ablation. The latter includes radiofrequency ablation (RFA), microwave ablation, laser ablation, high-intensity focused ultrasound (HIFU), and cryoablation [13] . In patients with SHPT and PHPT, parathyroid ablations aim to ablate target glands by heating them to cytotoxic temperatures. To achieve cellular coagulative necrosis, temperatures must exceed 50 C to 60 C [23] . MWA works by using electromagnetic energy to force polar molecules (primarily H 2 O) in tissue to continuously realign with the oscillating electric field, hence increasing the temperature of the tissue [24] . Compared with RFA, MWA has the merits of shorter duration, higher temperatures, less sensitivity to tissue type, resistance to the heat-sink effect, and larger ablation volumes. Moreover, MWA is not influenced by tumor complexity [25] .MWA may be more suitable for the ablation of parathyroid nodules than RFA [20] .
Patients with severe SHPT who fail to respond to medication usually require PTX. In our study, the majority of SHPT patients were not eligible for PTX because of chronic heart failure with very low left ventricular ejection fraction, pulmonary hypertension, lung dysfunctions, etc. Only one SHPT patient received MWA treatment in accordance with his own will. On the other hand, PHPT patients had more freedom to choose the treatment approach because of their less comorbidities and young ages. MWA is an alternative therapeutic option for patients who either refuse surgery or are unsuitable candidates for surgery. It is the less invasiveness that makes it acceptable for the elderly who are at risk from general anesthesia and the young females who are concerned about the potential for scarring on their necks [26] .
Hyperplastic parathyroid is easily detectable in the PHPT, while in SHPT patients more glands can be affected and each may have different degrees of hyperplasia or hypertrophy. Not always instrumental diagnostic investigations can detect all the parathyroid glands. Ectopic parathyroid glands can exist in various locations including the intrathyroid, carotid sheath, thymus, and upper mediastinum. If the targeted parathyroid glands are adjacent to important anatomical structures such as vessels or esophagus, they are unapproachable by percutaneous MWA either, thus causing persistent SHPT after MWA. Previous studies have shown that the frequency of ectopic parathyroid glands is about 15% [27] , and the presence of supernumerary glands (more than four glands) ranges from 2.5% to 30% in SHPT patients [28] . Therefore, imaging of the parathyroid glands before MWA is important in SHPT patients to guarantee the safety and efficacy of treatment. The most commonly used diagnostic imaging techniques are USG and MIBI [29] . USG is recommended as a first modality because of its availability, non-invasiveness, and costeffectiveness. USG can detect most parathyroid nodules, but it is occasionally difficult to differentiate an ectopic parathyroid nodule from an enlarged lymph node [20] . In the study, notably, the number of detected glands in a patient might vary according to different imaging modalities (Table 3 ). 99m Tc-MIBI SPECT/CT is the latest radionuclide imaging technology that provides the perfect combination of functional and anatomical information. Our previous study of 359 SHPT patients found that MIBI combined with SPECT/CT could increase the sensitivity and consistency of preoperative localization of eutopic parathyroid glands, and that it can accurately locate ectopic parathyroid [30] . Here, we found that the mean volume of each parathyroid gland in SHPT patients was relatively smaller than the PHPT group before MWA by ultrasound, although there was no significant difference. PHPT patients usually had only one enlarged hyperplastic parathyroid gland, whereas SHPT patients typically had multiple hyperplastic parathyroid glands due to their uremic environment. Furthermore, SHPT patients in the study were refractory to medical treatments and they have taken calcitriol or cinacalcet before MWA. The contrast-enhanced ultrasound (CEUS) is a promising technique to be used in the future, it based on the detection and characterization of microcirculation and microvascularization emerges as a reliable diagnostic tool to localize hyperplastic parathyroid glands [31] . Moreover, it is of utility in differentiating parathyroid adenomas from lymph nodes [32] .
Coronary heart disease and atrial fibrillation are often encountered in patients with severe SHPT and frequently require antiplatelet or anticoagulant therapies. Up until now, there have been no hemorrhage risk scores for the prediction of bleeding events in uremic patients undergoing dual antiplatelet therapy (DAPT) with previous percutaneous coronary intervention (PCI). According to the European Society of Cardiology (ESC) guidelines, clopidogrel was recommended to be stopped for 5 days and prasugrel was recommended to be stopped for 7 days before surgery, with aspirin continued in surgical procedures with a high risk of bleeding. DAPT should be resumed as soon as possible within the first 24 h after operation [33] . In the present study, two severely affected SHPT patients were receiving DAPT after coronary stent implantations due to acute myocardial infarctions (AMI) within one year prior to MWA. Both patients were switched from aspirin and clopidogrel one week before MWA to low-molecularweight heparin (LMWH) at 1 mg/kg q 12 h as periprocedural bridging therapy with heparin-free hemodialysis. LMWH was terminated on the ablation day, and DAPT was resumed on the next day.
The main complications encountered in the present study included recurrent laryngeal nerve injury and hypocalcemia. A 'liquid insulation layer' method or hydrodissection technique was adopted to protect the nerves. Additionally, the operator ablated the parathyroid glands at separate times to avoid bilateral recurrent laryngeal nerve injuries. Communication with the patient during MWA helped to detect any voice changes to prevent further damage. For patients who already have irreversible unilateral recurrent laryngeal nerve injury before MWA, clinicians should make them fully aware of the possibility of contralateral nerve injury. In the study, two patients had temporary hoarseness without dyspnea after ablation and they were treated with neurotropic agents such as mecobalamine and dexamethasone and nebulized inhalation therapies. Another remained slightly hoarse at the end of follow up. Transient hoarseness during MWA was encountered in three PHPT patients, all of whom recovered within 1 day after administration of nebulized and intravenous dexamethasone. The incidence of post-ablation hypocalcemia in SHPT patients was higher than in PHPT patients. This was probably because there were only one or two proliferative parathyroid glands in a PHPT patient with other glands functioning normally, while all of the enlarged glands in a SHPT patient needed ablating. Blood calcium levels should be monitored every 4-6 h within 24 h after ablation. The oral calcium supplement was given when the serum calcium <2.1 mmol/L. If blood calcium levels were below 1.8 mmol/L, intravenous pumping of calcium should be administered at an initial speed of 20 mL/h (adjusted on the basis of blood calcium levels) with 5% glucose solution (130 mL) added to 10% calcium gluconate (120 mL) to maintain the levels between 1.8 and 2.2 mmol/L.
In our research, 69.23% of SHPT patients achieved the serum target of iPTH after MWA according to the KDIGO guidelines. Compared with pre-ablation levels, serum calcium levels in SHPT patients decreased significantly on discharge days; then they began to rise into the normal range at the end of follow-up. Twelve SHPT patients still required medications by the end of followup. Symptoms in these patients, such as ostealgia, arthralgia and pruritus, had been alleviated by the end of follow up. The serum iPTH levels of PHPT patients decreased significantly at the end of follow-up compared with pre-ablation levels and were within the normal range. A continuing downward trend in serum calcium levels could be observed in this group. None of the PHPT patients required medications after MWA.
Possible reasons for the rebound of serum iPTH levels after MWA in SHPT patients include the following. First, percutaneous ultrasound-guided MWA is different from PTX, which provides a clear surgical field in which all parathyroid glands can be removed. Second, some parathyroid glands were relatively deep or close to important vessels and nerves. To ensure the safety of MWA, the operator had to weigh the pros and cons in the individual patient to decide whether to ablate all of the glands. Third, there might be some ectopic or immature proliferative parathyroid glands, detecting these glands on imaging examinations may be difficult. Under the continuous stimulation of uremic environmental disorders, residual parathyroid cells or glands can proliferate, leading to a recurrence of SHPT after ablation. SHPT patients were counseled to continue medical therapy after MWA, including active vitamin D analogs or cinacalcet. If necessary, another ablation may be appointed.
With the merits of minimal invasiveness, local anesthesia, more rapid postoperative recovery, and repeated operations, MWA is suggested for SHPT and PHPT patients who are ineligible or reluctant for PTX. However, the preoperative, intraoperative and postoperative treatments of the two diseases were distinguished. Compared to PHPT patients, SHPT patients had more prominent malnutrition, cardiovascular/pulmonary diseases, and abnormal bone metabolism, which require a more careful and comprehensive workup before MWA. PHPT patients had larger volumes and maximum diameters of single glands and longer ablation times for each gland. SHPT patients usually underwent MWA treatments at two separate times in order to avoid bilateral recurrent laryngeal nerve injuries, whereas PHPT patients were treated only once. SHPT patients were more likely to develop hypocalcemia, and their serum iPTH levels may rebound after MWA. Therefore, all of the hyperplasic parathyroid glands found on ultrasound should be ablated completely in SHPT patients. After MWA, patients are suggested to be followed up regularly and treated pharmacologically if necessary, especially in SHPT group (Table 6 ).
There were several limitations in this study. First, this was a retrospective single-center study with a small sample. Second, a longer follow-up duration and more follow-up indexes are needed to determine long-term efficacy comprehensively. Third, the majority of SHPT patients still took calcitriol or cinacalcet to control their diseases after ablation. Until now, PTX is still the first choice of treatment for severely affected SHPT patients. How to improve the efficacy of MWA in the treatment of SHPT patients who are ineligible for PTX remains to be solved. intensity 
